Carbon nanotubes-based biomaterials critically contribute to the design of many prosthetic devices, with a particular impact in the development of bioelectronics components for novel neural interfaces. These nanomaterials combine excellent physical and chemical properties with peculiar nanostructured topography, thought to be crucial to their integration with neural tissue as long-term implants. The junction between carbon nanotubes and neural tissue can be particularly worthy of scientific attention and has been reported to significantly impact synapse construction in cultured neuronal networks. In this framework, the interaction of 2D carbon nanotube platforms with biological membranes is of paramount importance. Here we study carbon nanotube ability to interfere with lipid membrane structure and dynamics in cultured hippocampal neurons. While excluding that carbon nanotubes alter the homeostasis of neuronal membrane lipids, in particular cholesterol, we document in aged cultures an unprecedented functional integration between carbon nanotubes and the physiological maturation of the synaptic circuits.
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Methods

Synthesis of MWCNTs
MWCNTs 20-30 nm in diameter (Nanostructured & Amorphous Materials, Inc.) were used as received and substrates were prepared as described previously 12, 15 . Briefly, MWCNT 20-30 nm were functionalized using 1,3-dipolar cycloaddition with heptanal and sarcosine at 130 °C for 120 hours in dimethylformammide (DMF) as solvent. For deposition on the coverslips, the DMF solution of functionalized MWCNTs (0.01 mg/mL) was drop casted to uniformly layer the entire substrate and let evaporated at 80 °C, then, the substrates were heated up at 350 °C under N 2 atmosphere to induce the complete re-pristinization of MWCNTs. The uniformity of the deposition was assumed by AFM ( Figure 1B ) and by scanning electron microscopy (SEM, in supplementary Figure S1D ).
Artificial membrane preparation and characterization
Artificial membranes were prepared by lipid spreading on a supporting glass slide from an organic solvent solution. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholesterol molecules (both from Avanti Polar Lipids Inc., US) were dissolved in a 2:1 ratio in chloroform (Sigma Aldrich) at a final concentration of 100 µM. 100 µL of solution were deposited on a glass coverslip, used as control, and on MWCNTs substrates supported by the same glass coverslip ( Figure 1A , middle panel) 15 . Samples were settled at 37 °C, 80% UR for 30 minutes, then rinsed in mQ water, dried with a gentle flow of N 2 and mounted on metallic plates using epoxy glue for subsequent atomic force microscopy (AFM) imaging constant of 0.39 nN/nm (OMCL-RC800PSA-1 tips from Olympus Co., Japan), were used working at low oscillation amplitudes with half free-amplitude set-point. Images were acquired at 512×512 pixels at 0.75 lines/second scan speed. Artificial membranes for fluorescence experiments were prepared following the same procedure described above but Figure S1C shows the amplitude (error) AFM images of the high magnification reconstructions shown in Figure 1A -C.
Raman Characterization
The Raman measurements were performed in the reflection geometry. 
Primary cultures and cell treatment
Hippocampal neurons were obtained from neonatal rats as previously reported 15 . Cells were plated on poly-L-ornithine-coated (Sigma Aldrich) or on MWCNT-coated glass coverslips and incubated at 37 °C, 5% CO 2 in culture medium. Cultured cells were used for experiments either at 8 to 10 and 18 to 21 days in vitro (DIV). To deplete cholesterol from neuronal membranes, cultures were incubated with 1 mM MβCD (Sigma Aldrich) for 1 hour at 37 °C 30 . MβCD is a cyclic glucose oligomer with a hydrophobic cavity that is able to bind lipids (especially cholesterol) and make them water-soluble 32 and is commonly used to deplete membrane cholesterol acutely from both leaflets of the bilayer 33 .
Electrophysiology
Patch-clamp, whole cell recordings were obtained with glass micropipettes with a resistance quantify VGLUT1 puncta, we selected only VGLUT1-positive puncta (<2 µm 3 ) co-localized to the β-tubulin III positive areas and puncta were normalized to the β-tubulin III positive volumes. Images were analyzed using the Volocity software (Perkin Elmer).
For the filipin labeling of membrane cholesterols 34 cells were fixed, rinsed in PBS and directly incubated for 2 hours at RT with 0.05 mg/mL filipin (Sigm-F9765) then mounted and imaged with an Epifluorescence Microscope (DM 6000, Leica; 40× objective, 0.75 NA). We 
Data Analysis
All values from samples subjected to the same experimental protocols were pooled together and expressed as mean ± SEM (with n=number of cells, unless otherwise indicated). A statistically significant difference between data sets was assessed by One-way and Two-way ANOVA, followed by Bonferroni test. Statistical significance was determined at P<0.05, unless otherwise indicated. Box plots were created using Plotly software (https://plot.ly).
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Results
Artificial lipid membranes interfaced to MWCNTs
In the first set of experiments, we investigated by AFM the appearance of artificial lipid membranes (SLM) 35 interfaced to control substrates or to MWCNTs ( Figure 1B ; see also 15 ).
SLM islands grown on control glass coverslips ( Figure 1A ) and on MWCNTs ( Figure 1C In Figure 1E the reference Raman spectrum of lipids (in red) is plotted and is characterized by peaks associated with C-N stretch (715 cm -1 ), C-C stretch (1090 cm -1 ), CH 2 deformation (1305 cm -1 and 1440 cm -1 ), and C=C stretch (1655 cm -1 ) vibrations 36, 37 . The Raman spectrum of MWCNTs alone on glass substrate ( Figure 1E , in green) shows two broad peaks centered at 1350 cm -1 and 1590 cm -1 that are commonly assigned to the presence of disorder in graphitic materials and to the tangential vibrations of the carbon atoms, respectively 38, 39 . The distinguishable shoulder at 1620 cm -1 is a double-resonance Raman feature induced by disorder, defects or ion intercalation between the graphitic walls 38 . When SLMs are deposited on glass substrate ( Figure 1E , in orange), the strong contribution of the underneath glass is evident, however the lipid peak at 1440 cm -1 (CH 2 deformation) is distinguishable in spite of the lower amount of lipids forming the SLM. In SLM on MWCNTs, the characteristic two Special Issue 'Two-Dimensional Biomaterials in Regenerative Medicine' JN2016622-R1 11 peaks at 1350 cm -1 and 1590 cm -1 present on the tubular structures protruding from SLMs (depicted in Figure 1C , bottom panel) confirm that they are MWCNTs, as suggested by the AFM morphology. Interestingly, in this spectrum (in blue in Figure 1E ), the peak at 715 cm -1 is evident as well. This may be due to the larger laser spot diameter (about 500 nm) compared with MWCNTs (50−250 nm), resulting in a contribution of the surrounding SLBs in the Raman spectrum. Note that broad peaks observed at 400 cm -1 and 900 cm -1 are due to a photoluminescence in glass substrate, a well known phenomenon when using a 532 nm excitation wavelength 40 .
Next, we incorporated a fluorescent lipid to SLMs (see Methods) and we compared the efficacy of MβCD treatment (500 µM; 1 h; used to bind and extract cholesterol from the membrane 32,33 ) in depleting cholesterol in control and MWCNT SLMs. The plot in Figure 1D summarizes the decay in fluorescence monitored during MβCD application. In order to have comparable measurements, we sampled single SLM layers in both groups. In MWCNTs, SLM lipids appeared more stabilized, as indicated by their significantly slower depletion with respect to controls (decay time constant (τ) average values: τ 1 =1.09±0.02 s and with MWCNT ones. The first set of recordings was performed at 8-10 DIV, since at this ages neuronal circuits were reported to display a significant increase in synaptic activity when cultured on MWCNTs 12, 14, 15 . Figure P<0.01; summarized in the box plots of Figure 2B ). Before analyzing in more details these synaptic changes (see below) we ascertain whether the tight interfacing 14 of neuronal membrane with MWCNTs modulated membrane cholesterol in cultured neurons. Figure 3A shows sample micrographs of cultured neurons (Control and MWCNTs) labeled with filipin, used to detect free cholesterol 41 . Cholesterol levels, as measured by filipin fluorescence intensity (see Methods) were similar in the two culture groups (summarized in Figure 3A where vesicle release is differentially regulated by cholesterol 44 . Spontaneous synaptic activity in our recording conditions 15 was manifested as inward currents made up by a mixed population of inhibitory (GABA A -receptor mediated) and excitatory (glutamate AMPA-receptor mediated) PSCs, characterized by different kinetics 15 .
Effects of acute cholesterol depletion on glutamatergic synapses
To gain insights into the MβCD regulation of synaptic activity in the two culture groups, we randomly selected a subset of Control (n=7) and MWCNT (n=7) neurons to perform offline differential analysis of PSCs kinetic, in particular of their decay 45, 12 events usually corresponding to AMPA-receptor mediated currents 12, 15 . The frequency of fast PSCs was up regulated by MβCD in Control, but strongly reduced in MWCNT exposed to similar treatments (plot in Figure 4A ). Notably, slow PSC frequencies were similarly (and only slightly) reduced in both culture groups when exposed to MβCD.
Cholesterol depletion in neurons is known to increase the rate of spontaneous transmission but it impairs evoked neurotransmission 28,29 and synapses usually segregate, at the presynaptic terminals, the distinct vesicle pools responsible for spontaneous or evoked release 29, 46 .
We characterized the effects of cholesterol depletion on spontaneous release by recording miniature PSCs (mPSCs) in the presence of TTX (1 µM). mPSCs, in dissociated hippocampal cultures at this age, comprise virtually only fast events (τ=4.5±0.6 ms in Control, n=9, and τ=5±0.9 ms in MWCNT, n=9; Figure 4B , top tracings) thus representing only excitatory mPSCs 15 . MWCNT mPSCs display, in standard conditions, a significantly (P<0.05) higher frequency ( Figure 4B ), due to the synaptogenic impact of MWCNTs 15 . The increased number of synapses is further supported in Figure 5A where VGLUT1 labeled presynaptic boutons in β-tubulin III identified neuronal bodies and dendrites, allowed to Figure 4B ); to note, mPSCs amplitudes were not affected by any treatment (box plot in Figure 4B ) indicating that the properties of postsynaptic glutamate receptors were not altered by these manipulations 28 .
These results suggest that Control and MWCNTs glutamatergic synapses express different release machineries. Namely, Control glutamatergic synapses are dominated by spontaneous fusions, on the contrary MWCNT ones preferentially release neurotransmitter in response to action potentials.
To address the expression of heterogeneous populations of presynaptic vesicles, and the different partitioning of synaptic vesicles between the two pools, we estimate the residual activity when PSCs were recorded prior and after the application of TTX and Co ++ (3 mM;
n=7 Control and n=7 MWCNTs). The block of voltage-gated Ca ++ -channels impairs the fusion of calcium-dependent vesicles 47 , isolating the calcium-independent "resting pool" 48 , mostly involved in spontaneous neurotransmission, namely the component increased by cholesterol removal 28 . In the presence of Co ++ mPSCs displayed a similar frequency in Control and MWCNTs, thus the residual activity in the presence of Ca ++ channels block, in
MWCNTs was significantly smaller (P<0.05; plots in Figure 5B ).
This different ratio suggests that synapses in Control cultures rely for their basal activity mostly on low calcium-dependent vesicle release 25 .
The effects of acute cholesterol removal in Control and MWCNT hippocampal cultures at later stages of synaptic development
Action potential evoked and spontaneous neurotransmitter release modalities involve different molecular machineries regulating segregated vesicle pools at the presynaptic site. Figure 2B and in Figure   6A ), and was similar to the value measured in aged-matched Control neurons, which conversely increased the frequency of PSCs upon in vitro development. Figure 6A shows sample recordings (left) with the pooled values for PSC frequency and amplitude summarized in the box plots (right). The comparable Control and MWCNT synaptic activity, suggested by the similar PSC frequency, was supported by immunofluorescence quantification of VGLUT1-positive puncta. As shown in Figure 6B we detected a similar density of positive puncta between the two culture groups. Also in these measures, MWCNT values were equal to those detected at earlier stages of development (compare plots in Figure   5A and Figure 6B ), while in Control an age dependent increase in puncta was evident. In accordance to these measures, Figure S1A shows that frequency and amplitude of mPSCs did These results strengthen the hypothesis that MWCNTs boost the overall network maturation, in terms of number of synapses and efficacy 15 , but in the long-term these effects reach a steady state, probably due to the maximal connectivity homeostatically set by the size of any given neuronal network 51 .
Discussion
Carbon nanotubes are increasingly incorporated in the development of novel twodimensional biomaterials designed to interface tissue reconstruction and signaling 52, 16 . In material science, MWCNTs are adopted in composites to strengthen biomaterial mechanical properties, electrical conductivity or microenvironment-defining moieties 53 . However, MWCNTs are not inert and promote synaptogenesis when interfaced to cultured neurons 15, 54 .
In the present study we used dissociated cultures to investigate MWCNT ability to alter membrane lipid homeostasis to pinpoint the earliest mechanisms that may contribute in modulating synaptic activity. We also characterized to what extent the MWCNTs driven synaptic enhancement is maintained throughout long-term network development.
The principal finding of the present report is that two-dimensional MWCNT interfaces do not alter the homeostasis of membrane lipids, in particular cholesterol, in neurons. In fact, of the lipid molecules via preferential interactions with the carbon nanotubes 21 . In this work we confirm the notion that MWCNT microenvironment provide cues instructing the construction of more synapses 15, 54 documented by the increase in PSCs frequency, in mPSCs and in VGLUT1-positive labeling; the latter showing, for the first time directly by confocal microscopy, the higher density of glutamatergic synapses 15 .
The present data show that, in both culture groups, the treatment used to remove cholesterol did not affect cell viability, as sustained by the values of cell input resistance and membrane capacitance 55, 56 . In addition, membrane micro-domains enriched in cholesterol such as lipid rafts 57 , involved in the regulation of ionotropic glutamate receptor function 58 However, we found that at 8-10 DIV, release at glutamatergic synapses in Control and
MWCNTs was regulated in an opposite manner by cholesterol reduction.
To understand the reason for the observed difference, we examined the main variable that might conceivably affect release tuning by cholesterol. We had already excluded the possibility of differences in membrane cholesterol distribution and depletion. We thus turned our attention to pre-synaptic process that may be regulated by cholesterol. Removal of cholesterol variably affects spontaneous or evoked neurotransmitter release in cultured neurons, improving spontaneous vesicle fusion and decreasing evoked vesicle recycling 28 .
We thus hypothesized that Control synapses display a higher relative amount of spontaneous vesicle pools with respect to MWCNT ones. In the presence of TTX we observed that in control conditions the frequency of mPSCs was still affected by MβCD, whereas no changes occurred in MWCNT neurons. Our hypothesis was further supported by the block of voltage dependent Ca ++ -channels by Co ++ applications 60 . This condition indicated the presence of an opposite ratio between high and low Ca ++dependent vesicle pools in Control and MWCNT presynaptic glutamatergic terminals.
Recent reports have shown that the maturation of neurotransmission is accompanied by changes in pre-synaptic release modes, in particular spontaneous vesicle pools are predominant on evoked ones during early stages of development, and these two populations are gradually rebalanced during the synaptic maturation process 49, 61 .
It is tempting to speculate that MWCNTs accelerate synaptic network maturation, improving synapse formation and favoring more mature release modes, an effect that is homeostatically regulated upon prolonged interfacing. In fact, in our experiments, Control and MWCNTs displayed functional and anatomical similarities after three weeks of growth. We cannot distinguish whether this was due to a progressive shielding of the MWCNTs by extracellular matrix proteins 62 , thus changing the nano-bio interface, or rather by the homeostatic regulation of cultured neuronal networks, constraining the maximal number of synapses 51 and their level of maturation in vitro.
In conclusion, the main finding of the present study is that MWCNTs when used in interfacing neurons can regulate synapse formation and function in a dynamic manner, tuning exquisite neurobiological mechanisms, such as neuronal maturation 63 . This ability is however controlled and limited by the physiological maturation of the synaptic circuit. This functional integration of the MWCNTs within the newly formed neuronal network might represent an attractive property in designing interfaces for neuronal repair.
Brain interfaces of the future require the application of nanomaterial-related technologies to target some of the current ambitions in interfacing neurons: improving the stability, flexibility and durability of the interface, improving the efficacy of the charge transfer to and from neurons, and minimizing the reactivity in the surrounding tissue 64 . The aim is that of realizing high resolution and minimally invasive interfaces between recording probes and biological systems 65 , able to map brain activity and deliver precise stimuli, to interface the brain to an external device or to facilitate recovery of function via engaging neuronal plasticity processes 66 , eventually interfacing the brain to the spinal cord, to regain motor function after spinal cord lesions 67 
